Introduction
Unmanned platforms, as a kind of surface vessels, rely heavily on the guidance systems to accomplish path following scenarios [1] , especially for asymmetric ones exposed to environmental disturbances such as wind, waves and currents. An overview of path following methods for unmanned surface vessels has been developed in [2, 3] . The path following methods for underactuated vehicles in the presence of large modeling parametric uncertainty using adaptive supervisory control that combines logic-based switching with Lyapunov-based techniques are discussed in [4] . An alternative model-based approach for robust adaptive path following is proposed in [5] and [6] on the basis of adaptive sliding mode control. The same problem was investigated in [7] [8] [9] . In [7, 9] , the problem was formulated by a global diffeomorphism combined with backstepping technique, while in [8] was formulated by applying Serret-Frenet frame and model predictive control method. All the aforementioned references propose strategies under the assumption that the vessel is completely symmetric, which doesn't really hold in practice. The path following for asymmetric vessels has also been discussed in [10] [11] [12] [13] . [10, 11] decoupled the asymmetric system into two cascaded subsystems after two times diffeomorphism, and achieved the convergence of the tracking errors at the cost of the computation speed. [12, 13] proposed a simple-structure controller on the basis of line-of-sight (LOS) guidance principle and managed to steer an asymmetric vessel to follow the predefined path. But LOS is susceptible to environmental disturbances, and [12, 13] simply discussed the path following problem in the presence of constant ocean currents, it is necessary to continue studying methodologies that are robust to disturbances such as wind, waves and currents.
Motivated by [12, 13] , based on an asymmetric unmanned platform this paper proposes a new simpler disturbance estimation law by adding a linear item of the estimation error into the classical one, then an adaptive path following controller is established based on the integrator backstepping technique, which makes the equilibrium system to be uniformly globally asymptotically stable (UGAS).
Mathematical model and problem statement
In this section, we will present the control objective and mathematical model of the platform considered in this paper.
Mathematical model
The unmanned platform is an approximately cubic port-starboard symmetric tank [14] with two nozzle-fixed but opening-adjustable waterjets located on both sides at a distance of 2 , as is illustrated in Fig. 1 , and a differential thrust steering scheme is therefore used. While there's a difference in the openings of the left and right nozzle, i.e. ≠ , the yaw moment would produce. There are two reversing tunnels connected with the nozzles, where the extra water could squirt out to lateral anterior at an angle when the outlet of the nozzle is closing. denotes the longitudinal distance from the center of the reversing tunnel outlet to point , where represents the center of gravity of the platform. For simplicity, we assume that the thrust force produced by a single waterjet has a linear relationship with its nozzle opening [15] , which is reasonable in practice. Consequently, applying the geometry yields:
where ′ = sin + ( cos )/2, and denote the overall length and beam of the platform; and denote the surge and sway thrust forces, respectively, denotes the yaw moment. and denote the reversing thrust factor and the thrust deduction fraction, respectively; and denote the effect coefficients imposed on sway and yaw directions by the propellers. (2) is nontrivial since the decreasement of control inputs would simplify the structure of path following controller.
In most cases, it is sufficient to consider a 3 degree-of-freedom (DOF) horizontal non-linear maneuvering model [16] [17] [18] which is shown that: The control inputs are: = , , and all the forces and moments caused by wind, ocean current, second order wave loads, are collected in the vector: = , , . Since these disturbances are bounded and so slowly varying compared to the platform dynamics, it is reasonable to assume that = 0 and ∈ ℒ in the controller synthesis.
Problem statement
The primary objective of this paper is to design a guidance and control system to steer the platform to converge to the predefined path with the desired speed from any initial positions and orientations despite of the environmental disturbances.
LOS guidance system design
The LOS guidance law is a three-point guidance scheme for it involves a stationary reference point on the path in addition to the vessel and the desired position, mimicking a helmsman that commonly makes the vessel pursue the desired path through steering it towards a point located at a constant distance ahead of the vessel on the path [17, 18] .
The desired heading angle
A parameterized path ( ( ), ( )), where ≥ 0 denotes the path variable, is assumed to go through a set of successive waypoints ( , ) for = 1, 2, …, , as illustrated in Fig. 2 . For any point ( ( ), ( )) along the path, the path-tangential reference frame is rotated by an angle:
with respect to the North-East reference frame. Note that for a straight line ( ) = arctan(( − )/( − )) is constant between the waypoints. For a platform located at the position ( , ) the LOS vector starts from ( , ) and ends up with the point ( , ), located on the path tangential at a distance ∆> 0 ahead of the orthogonal projection of point ( , ). And the orientation of the LOS vector is donated as :
where is the cross-track error, and ∆ is the lookahead distance.
Fig. 2. LOS guidance geometry
In LOS guidance system, the moving point ( , ) and the orientation angle are the desired point and angle that the platform is chasing for at each time instant. Consequently, the corresponding LOS guidance law is given by:
Commonly, a vehicle exposed to disturbances (such as wind, waves and ocean currents, etc.) exhibits variations in the velocities , and . The response can be observed as a non-zero sideslip angle during path following. This is also observed as a difference in heading angle and course angle according to:
where = arctan( / ). This suggests that the LOS guidance law is chosen as:
where 0 ≤ ∆ ≤ ∆≤ ∆ .
The cross-track error
The cross-track error is computed as the orthogonal distance to the path-tangential reference frame defined by the point ( ( ), ( )). Hence:
where
Expanding Eq. (8) gives the cross-track error:
where propagates [13] according to Eq. (10):
Differentiating Eq. (9) yields:
The last bracket in Eq. (11) is zero because of the first line of Eq. (8). From Eq. (4) it follows that ( )sin ( ) − ( )cos ( ) = 0. Consequently, Combine Eq. (3) and (11) yield:
where = √ + . In this paper we consider the special case where ( ) = is constant, that is straight-line paths such that:
Theorem 1: The LOS guidance law Eq. (7) applied to the cross-track error dynamics Eq. (13) renders the equilibrium point = 0 USGES if the lookahead distance and speed satisfy 0 ≤ ∆ ≤ ∆ ≤ ∆ and 0 ≤ ≤ ≤ , respectively. Proof. Inserting Eq. (7) into Eq. (13) gives:
Since and ∆ is time varying the system Eq. (14) is nonautonomous. Consider the Lyapunov function candidate: ( , ) = 2 ⁄ > 0 when ≠ 0. Hence:
Since ( , ) > 0 and ( , ) ≤ 0 it follows that:
Therefore, according to [19, 20] the origin = 0 is uniformly stable. Next, we define:
For each > 0 and all | ( )| ≤ , we have:
Consequently:
In view of Eq. (15), the above holds for all trajectories generated by the initial conditions d(t 0 ). Consequently, we have:
Hence, we can conclude that the equilibrium point = 0 is USGES.
Control system design
In this section, a model-based control method is performed by utilizing the integrator backstepping technique for the nonlinear maneuvering system Eq. (3) to design a uniformly globally asymptotically stable (UGAS) controller. And the design is divided into two coherent steps.
The overall design is conducted under the assumptions that all the reference signals are bounded and high order differentiable.
The heading angle and the velocity error dynamics are defined as:
where ≜ 0,0,1 , and ≜ , , ∈ ℝ is a vector of stabilizing functions to be specified later.
Step 1. Define the first Lyapunov function candidate as: , = 2 ⁄ > 0 when ≠ 0. Hence:
Choosing:
where > 0, gives:
This concludes Step 1.
Step 2. Combine Eq. (3) and differentiate Eq. (17) yields:
Next, we need to expand the first Lyapunov function as:
where ̃ = − ̂ and Γ = Γ > 0 is the estimation error and gain matrices, respectively. ̂ is the estimation of the environmental disturbance vector . It should be noted that is slow varying and bounded, therefore, ̃ = − ̂ . Differentiating along the trajectories of , , ̃ gives:
Choosing the control input and the disturbance estimation law:
where = diag , , and = diag , , are positive matrices to be specified, gives:
It follows from the theorems proposed by [17, 20] that , , ̃ is uniformly stable. Remark 2: Compared with the law developed by [17] , Eq. (21) contains an additional item ̃ , which realizes the negative feedback regulation of ̃ , and when approaches to its equilibrium point the estimation error ̃ will converge to zero exponentially.
Because of the uniform stability of we have lim → = . Considering the control objective is to steer the platform travelling at the desired speed , it is reasonable to choose = . Combining Eq. (2) and (20) gives:
where:
Theorem 2: The platform dynamics Eq. (3) with guidance, control and estimation laws Eqs. (7, 20, 21) renders the origin of the error system Eqs. (13), (16), (17) UGAS.
Proof. We can prove the Theorem 2 based on the control design and stability analysis above.
Simulations
In this section results from numerical simulations are presented. The developed control strategy is applied to an asymmetric unmanned platform. The vehicle has a 10 kN of maximum thrust for every waterjet, and other parameters are shown as follows [14] Fig. 4 shows all the platform's states converge to equilibriums smoothly, and Fig. 5 shows a graceful time evolution of control inputs without saturation. Fig. 6 is a comparison between the estimation law Eq. (21) and that of [17] (denote the estimation law Eq. (21) as and that proposed in [17] as for simplicity). Fig. 6 is the time evolution of disturbance estimation errors, and Fig. 6(a) is the result of and Fig. 6 (b) of with = diag{200, 200, 400}. As is shown in Fig. 6(a) , the disturbance estimation error converges exponentially to zero and stays at that equilibrium point afterthen, which coinsides well with our previous analysis. On the contrary, Fig. 6(b) shows the maximum of estimation error is nearly 20 kN, which might lead to saturation for control inputs. As a result, it is obvious to conclude the better performance of than that of . 
Conclusions
A nonlinear adaptive path following strategy for estimation and compensation of the disturbances has been presented on the basis of integrator backstepping technique. The guidance law is derived from the classical LOS principle and the equilibrium points of the cross-track error is shown to be USGES, which guarantees the exponential convergence to zero. A new estimation law for disturbances is developed by adding a linear item of the estimation error into the classical one, which improves the estimation precision and sensitivity dramatically. The control strategy is developed based on the integrator back-stepping technique and the new disturbance estimation law, which makes the equilibrium system to be UGAS. In the end, computer simulations are conducted to verify the effectiveness of the control and estimation laws during straight-line path following for asymmetric unmanned platform in the presence of unknown disturbances.
